Cai X, Li Z, Zhao Y, et al. Enhanced dual function of osteoclast precursors following calvarial *Porphyromonas gingivalis* infection. J Periodont Res. 2020;55:410--425. 10.1111/jre.12725 31944305

1. INTRODUCTION {#jre12725-sec-0004}
===============

Osteoclasts are multinucleated giant cells that resorb bone, ensuring development and continuous remodeling of the skeleton and the bone marrow hematopoietic niche.[1](#jre12725-bib-0001){ref-type="ref"} Excessive activity of osteoclasts is a characteristic feature of pathogenic bone loss in osteolytic diseases including periodontitis and rheumatoid arthritis.[2](#jre12725-bib-0002){ref-type="ref"}, [3](#jre12725-bib-0003){ref-type="ref"} It is believed that osteoclasts are derived from hematopoietic stem cells (HSC) of the monocyte/macrophage lineage---the common precursors for macrophages and dendritic cells (DC)---that undergo several key differentiation stages, including the differentiation of common myeloid progenitors and granulocyte/macrophage progenitors.[4](#jre12725-bib-0004){ref-type="ref"}, [5](#jre12725-bib-0005){ref-type="ref"} Most recently, it is suggested that osteoclasts may originate from the embryonic erythro‐myeloid progenitors and that HSC‐derived precursors cells are important for optimal postnatal osteoclast maintenance and function.[1](#jre12725-bib-0001){ref-type="ref"} Regardless of the origin, osteoclast differentiation requires the presence of two essential molecules: the macrophage colony--stimulating factor (M‐CSF) and the receptor activator of nuclear factor kappa B ligand (RANKL).[5](#jre12725-bib-0005){ref-type="ref"}, [6](#jre12725-bib-0006){ref-type="ref"} While M‐CSF primarily promotes the proliferation and survival of osteoclast progenitors via its receptor c‐fms, RANKL prompts the cells to differentiate along the osteoclast lineage by binding to its receptor RANK, expressed on osteoclast precursors and mature osteoclasts.

Periodontitis, a chronic, infectious, inflammatory disorder characterized by the loss of alveolar bone, is one of the most common human infectious diseases and the primary cause of tooth loss in adults.[7](#jre12725-bib-0007){ref-type="ref"} *Porphyromonas gingivalis* (*Pg*) is considered a major etiologic agent of periodontitis and has been closely associated with the inflammatory destruction of alveolar bone. While the presence of pathogenic bacteria and inflammation are prerequisites for periodontal bone loss, the precise mechanisms underlying host susceptibility to periodontitis, maintenance of chronic inflammation, and triggering of alveolar bone resorption are still not clearly understood. For instance, it is unclear why some individuals have periodontal pathogens in their periodontium without manifesting the disease,[8](#jre12725-bib-0008){ref-type="ref"}, [9](#jre12725-bib-0009){ref-type="ref"}, [10](#jre12725-bib-0010){ref-type="ref"} and why untreated gingivitis does not always result in periodontitis.[11](#jre12725-bib-0011){ref-type="ref"}, [12](#jre12725-bib-0012){ref-type="ref"}

It is generally accepted that pathogenic osteoclast formation in periodontitis involves several major mechanisms: (a) periodontal pathogens upregulate RANKL expression on osteoblasts and activated immune cells such as T cells and B cells, which stimulate the differentiation of osteoclast precursors into mature osteoclasts resulting in excessive bone loss[13](#jre12725-bib-0013){ref-type="ref"}, [14](#jre12725-bib-0014){ref-type="ref"}, [15](#jre12725-bib-0015){ref-type="ref"}; (b) periodontal pathogens induce the production of inflammatory cytokines, such as TNF‐α and IL‐1, which synergize with RANKL and augment RANKL‐mediated osteoclastogenesis[16](#jre12725-bib-0016){ref-type="ref"}, [17](#jre12725-bib-0017){ref-type="ref"}, [18](#jre12725-bib-0018){ref-type="ref"}; and (c) periodontal pathogens potentiate RANKL‐committed osteoclast precursor differentiation into osteoclasts.[19](#jre12725-bib-0019){ref-type="ref"} While these findings have demonstrated the important role of pathogenic bacteria and inflammatory cytokines in osteoclast formation from osteoclast precursors, it remains unclear how osteoclast precursors respond to periodontal pathogen infection in vivo and the role of osteoclast precursors in the pathogenesis of periodontal bone loss.

We have previously demonstrated in vitro that osteoclast precursors have two fates.[19](#jre12725-bib-0019){ref-type="ref"} They function as inflammatory cells in response to *Pg* infection, or they differentiate into osteoclasts upon RANKL stimulation. Once a fate is chosen, it is irreversible. Importantly, the effect of *Pg* on cell fate determination dominates over that of RANKL. On the other hand, *Pg* potentiates osteoclastogenesis of RANKL‐primed osteoclast precursors. It is likely that this biphasic role of *Pg* on osteoclast differentiation is important for the pathogenic consequences of periodontal infection. In this regard, soon after *Pg* invasion of periodontal tissues, *Pg* suppresses osteoclast precursor differentiation down the osteoclast pathway, while promoting an inflammatory response aimed at eradicating the invading pathogens. If the host cannot clear the infection efficiently and the infection persists, RANKL produced by activated immune and residential cells then primes circulating osteoclast precursors and stimulates osteoclastogenesis.

In this study, we further investigated the in vivo effect of *Pg* infection on the regulation of osteoclast precursors, using a mouse calvarial infection model. We found that *Pg* infection increased the percentage and the osteoclastogenic potential of CD11b^+^c‐fms^+^ precursor cells in bone marrow and periphery. In addition, these precursor cells exhibited antigen‐specific T‐cell suppressive function and *Pg* infection increased the immune‐suppressive function of the cells. Furthermore, we showed the involvement of the myeloid differentiation factor 88 (MyD88) in the regulation of osteoclast precursors upon *Pg* infection. Understanding the effect of *Pg* infection on the regulation of osteoclast precursors will contribute to our understanding of *Pg*‐induced bone loss and should help reveal novel diagnostic markers and therapeutic strategies to prevent bone loss associated with infection and inflammation.

2. MATERIAL AND METHODS {#jre12725-sec-0005}
=======================

2.1. Mice {#jre12725-sec-0006}
---------

Wild‐type (WT), MyD88 knockout (MyD88^−/−^), and OT‐II transgenic mice, all on a C57BL/6 background, were bred and maintained within an environmentally controlled, pathogen‐free animal facility at the University of Alabama at Birmingham (UAB). The original MyD88^−/−^ breeding pairs were obtained under a material transfer agreement from Dr Shikuo Akira (Osaka University, Osaka, Japan). Mice at 8‐12 weeks of age were used in the studies. All studies were done according to the guidelines of the National Institutes of Health. Protocols were approved by the UAB Institutional Animal Care and Use Committee.

2.2. Bacteria {#jre12725-sec-0007}
-------------

*Pg* ATCC 33277 (from frozen stocks) was cultured and maintained on enriched trypticase soy agar plates (trypticase soy agar, 1% yeast extract, 5% defibrinated sheep blood, 5 µg/mL hemin, and 1 µg/mL menadione) at 37°C in an anaerobic atmosphere of 10% H~2~, 5% CO~2~, and 85% N~2~. For in vivo and in vitro studies, *Pg* was grown in trypticase soy broth (BD Biosciences) containing 1% yeast extract, 5 µg/mL hemin, and 2.5 µg/mL menadione. The bacteria were then harvested by centrifugation and washed with sterile phosphate‐buffered saline (PBS). The number of bacteria (colony‐forming units/mL) was determined by measuring the optical density (*A*) at 600 nm and extrapolating using a standard curve.

2.3. Calvarial infection model {#jre12725-sec-0008}
------------------------------

To induce bone loss, live *Pg* (1 × 10^8^ CFU in 20 μL of PBS) was injected (using a Hamilton syringe) once daily for 6 days into the subcutaneous (s.c.) tissue over the left and right sides of the parietal bone (each side 10 μL) of anesthetized mice under isoflurane inhalation. Control mice were injected with vehicle (PBS). At different time points after the first injection of *Pg*, blood was collected from the tail veins. The interval of blood collections from each mouse was no \<48 hours, and the frequency of blood collections from each mouse was no more than two time points. Serum was collected following centrifugation and stored at −20°C until assessed for cytokine levels. Mice were sacrificed for different analyses on day 3 following 2 days of *Pg* infection or on day 7 following 6 days of *Pg* infection.

2.4. Histological assays {#jre12725-sec-0009}
------------------------

Mice were sacrificed on day 7, and the calvaria and adjacent connective tissues were dissected for histological assessment of inflammation and osteoclastogenic activity. Specifically, the tissues were fixed in 4% phosphate‐buffered formalin and then decalcified in 10% EDTA. The parietal bones were bisected into rostral and caudal sides and embedded in paraffin. Five nonconsecutive coronal sections of 5 µm thickness were prepared. Sections were stained with hematoxylin and eosin (HE) or with a leukocyte acid phosphatase kit (Sigma‐Aldrich) for tartrate‐resistant acid phosphatase (TRAP) activity. TRAP‐positive multinucleated cells (MNC, ≥3 nuclei) were counted as mature osteoclast. Images were acquired using a Nikon Eclipse 90i system (Nikon). Quantification of osteoclasts was performed on five randomly selected coronal sections/mouse and expressed as mean cell numbers per section. TRAP staining of the whole calvarial bone without soft tissues was also done to assess the overall osteoclastogenic activity on calvaria after *Pg* infection.

2.5. Micro‐computed tomography (micro‐CT) analysis {#jre12725-sec-0010}
--------------------------------------------------

To evaluate *Pg*‐induced bone loss, calvarial bone without soft tissues was fixed and then scanned using the Scanco µCT40 desktop cone‐beam micro‐CT scanner (Scanco Medical AG) using µCT Tomography v5.44. The scanning was carried out at 30‐µm resolution, 70 kVp, and 114 µA with an integration time of 200 ms. Two hundred and ten slices were imaged. Scans were automatically reconstructed into 2D slices, and all slices were analyzed using the µCT Evaluation Program (v.6.5‐2; Scanco Medical). The parameters measured were bone volume/total volume (BV/TV), area bone loss (mm^2^), and sagittal suture area (mm^2^).

2.6. In vitro osteoclastogenesis assays {#jre12725-sec-0011}
---------------------------------------

Mice were sacrificed on day 3 or day 7. Bone marrow and spleens from age‐matched WT or MyD88^−/−^ mice were harvested and processed as previously described.[16](#jre12725-bib-0016){ref-type="ref"}, [19](#jre12725-bib-0019){ref-type="ref"} Single‐cell suspensions were prepared by mechanically dispersing the bone marrow or spleen through a 100‐μm cell strainer. Red blood cells were lysed using flow cytometry mouse lysis buffer (R&D Systems). To induce osteoclast differentiation, cells were plated in 24‐well plates at a density of 2 × 10^5^ cells/well for spleen cells or 5 × 10^4^ cells/well for bone marrow cells in α‐10 medium (α‐MEM, 10% FCS, 1× PenStrep) supplemented with RANKL (100 ng/mL) and 10% culture supernatant from CMF14‐12 cells as the source of M‐CSF. Cells were cultured for 5‐7 days and then stained for TRAP activity. TRAP^+^ MNC were counted as mature osteoclasts. All experiment was done in triplicate.

To evaluate the function of osteoclasts, F‐actin ring staining and the in vitro bone resorption assay were investigated. For F‐actin ring staining, osteoclast differentiation was induced as described above for 6‐8 days, and then fixed with 4% formaldehyde and permeabilized with 0.2% Triton X‐100. Cells were then incubated with 2 U/mL rhodamine‐phalloidin (Molecular Probes) at room temperature for 20 minutes. Actin ring staining was observed under a fluorescence microscope with the Leica Texas Red filter (Nikon Eclipse TE2000‐E). For the in vitro bone resorption assay, cells were seeded on bovine cortical bone slices plated in 24‐well culture plates, and osteoclast differentiation was induced as described above. Bone slices were harvested after 8‐10 days in culture, and cells on bone slices were removed by sonication in PBS. Bone slices were then soaked in 0.3% H~2~O~2~ for 30 minutes. Bone resorption pits were visualized by staining with 2 μg/mL peroxidase‐conjugated wheat germ agglutinin (WGA) lectin (Sigma‐Aldrich) for 1 hour and then developed with a DAB Peroxidase (HRP) Substrate Kit (Vector Laboratories). The percentage of bone resorbed area on bone slices was determined using ImageJ analysis software (NIH).

2.7. FACS analysis and cell sorting {#jre12725-sec-0012}
-----------------------------------

Bone marrow and spleen cells were isolated from *Pg*‐infected mice and control mice as described above, suspended in fluorescence‐activated cell sorting (FACS) buffer, and stained with fluorescent‐labeled antibodies against CD11b (clone M1/70), CD115 (c‐fms; clone AFS98), CD265 (RANK; clone R12‐31), Ly6C (clone HK1.4), and Ly6G (clone RB6‐8C5). All FACS antibodies were purchased from eBioscience. Data were acquired using a BD LSR II flow cytometry (BD Bioscience) and analyzed using FlowJo software v10 (TreeStar). For cell sorting, BM or spleen cell suspensions from 3 mice/group were pooled together and then sorted for CD11b^+^c‐fms^+^, CD11b^+^c‐fms^+^RANK^+^, and CD11b^+^c‐fms^+^RANK^−^ cells using a FACSAria IIIu cell sorter (BD Bioscience).

2.8. CD4^+^ T‐cell proliferation assay {#jre12725-sec-0013}
--------------------------------------

To evaluate the effect of osteoclast precursors on CD4^+^ T‐cell proliferation, single spleen cell suspensions from OT‐II transgenic mice were cultured in RPMI 1640 medium at a concentration of 2 × 10^5^ cells/well in the presence or absence of the sorted CD11b^+^c‐fms^+^ cells from control and *Pg*‐infected WT mice at a 1:1 ratio. OT‐II transgenic mice have CD4^+^ T cells with a T‐cell receptor specific for the ovalbumin (OVA) sequence between residues 323‐339.[20](#jre12725-bib-0020){ref-type="ref"} The co‐cultures were stimulated with the OVA~323‐339~ peptide (2.5 μg/mL) for 72 hours. CD4^+^ T‐cell proliferation was analyzed by measuring BrdU incorporation using a FITC BrdU staining kit for flow cytometry following the manufacturer\'s instructions (Invitrogen). Briefly, 10 µM BrdU was added to the cell cultures 24 hours prior to cell harvesting. Cells were then surface‐stained with anti‐mouse CD4 PerCP (BD Pharmingen), fixed, and permeabilized. After incubated with DNase I for 1 hours at 37°C, cells were intracellularly stained with anti‐BrdU FITC. Data were acquired using a BD LSR II flow cytometry, and BrdU incorporation on CD4^+^ T cells was analyzed using FlowJo software v10.

2.9. Real‐time PCR {#jre12725-sec-0014}
------------------

To determine the induction of inflammatory genes following *Pg* infection, calvarial bone with periosteum from infected and noninfected mice was homogenized in TRIzol reagent (Invitrogen). Total RNA was extracted using RNeasy Mini Kit (Qiagen) according to the recommended procedure. cDNA was synthesized from 1 µg of total RNA by using the High Capacity cDNA Reverse Transcription Kits (Applied Biosystems). Real‐time PCR was performed using a Lightcycler (Roche) with a FastStart DNA Master SYBR Green I reagent (Roche) for the expression of inflammatory and osteoclastogenic genes including IL‐1β, IL‐6, TNF‐α, and RANKL. Relative quantities of the tested genes were normalized to hypoxanthine‐guanine phosphoribosyltransferase (HPRT) mRNA. The normalized data are expressed using the comparative 2^−∆∆CT^ method. RANKL‐induced expression of c‐fms, RANK, and osteoclast genes including TRAP, MMP9, Ctsk, and Car2 in the cultures of osteoclast precursors was also analyzed using the same method described above.

2.10. Cytokine analysis {#jre12725-sec-0015}
-----------------------

To assess *Pg*‐induced systemic inflammatory response, serum samples from infected and noninfected mice were collected and assessed for the levels of IL‐1β, IL‐6, IL‐10, IL‐12p40, TNF‐α, and RANKL by ELISA, according to the manufacturer\'s instructions. Mouse IL‐6, IL‐10, IL‐12p40, and TNF‐α ELISA kits were purchased from eBioscience. Mouse IL‐1β and RANKL Quantikine ELISA Kit was purchased from R&D Systems.

To determine *Pg*‐induced cytokine response by osteoclast precursors, cells were plated at 2 × 10^5^ cell/ well in 96‐well plates and stimulated with the bacteria at an MOI of 50. Culture supernatants were collected after 24 hours and assessed for the levels of IL‐6 and TNF‐α.

2.11. Statistical analysis {#jre12725-sec-0016}
--------------------------

All results are reported as the mean ± SEM. Statistical significance was evaluated by ANOVA and the Tukey multiple‐comparisons test using GraphPad Prism 6.02. *P‐*values \<.05 were considered significant.

3. RESULTS {#jre12725-sec-0017}
==========

3.1. Calvarial *Pg* infection results in localized inflammatory infiltration and osteoclastogenesis {#jre12725-sec-0018}
---------------------------------------------------------------------------------------------------

Calvarial infection of mice with periodontal pathogens is a well‐documented model to study host‐microbial interactions.[21](#jre12725-bib-0021){ref-type="ref"} In this study, we used this model to understand the mechanism of *Pg*‐induced osteoclastogenesis. As shown in Figure [1](#jre12725-fig-0001){ref-type="fig"}A, a notable inflammatory infiltration of cells was observed in the soft tissues overlying the calvaria on day 7 following *Pg* infection of WT mice. A significant increase in the number of TRAP^+^ multinuclear osteoclast formation was also noticed in the coronal calvarial sections following *Pg* infection (Figure [1](#jre12725-fig-0001){ref-type="fig"}B,C). In addition, areas of TRAP^+^ multinuclear osteoclasts were observed in the whole‐mount calvarial bone preparations following *Pg* infection (Figure [1](#jre12725-fig-0001){ref-type="fig"}D). Micro‐CT analysis of calvarial bone showed areas of calvarial bone loss in *Pg*‐infected mice, but not in control mice (Figure [1](#jre12725-fig-0001){ref-type="fig"}E). Significant differences were observed in calvarial bone volume/tissue volume (BV/TV), area of bone loss, and sagittal suture area, between *Pg*‐infected mice and control mice (Figure [1](#jre12725-fig-0001){ref-type="fig"}F). Moreover, analysis of mRNA expression in calvarial tissues revealed that *Pg* infection induced significantly higher levels of inflammatory cytokine IL‐1β, IL‐6, TNF‐α, and RANKL mRNA expression compared to the control group (Figure [1](#jre12725-fig-0001){ref-type="fig"}G). These results demonstrate that induction of calvarial bone loss following *Pg* infection is associated with increased inflammation and osteoclast formation.

![Calvarial *Pg* infection results in localized inflammation and osteoclastogenesis. *Pg* (1 × 10^8^ CFU in 20 μL of PBS) was injected into the subcutaneous tissue over the left and right sides of the parietal bone of C57BL/6 WT mice once daily for 6 d. On day 7, parietal bone with or without the adjacent soft tissue was collected for histological analysis, RNA extraction, and micro‐CT analysis. A, Representative images of coronal sections of HE staining. B, Representative TRAP staining of coronal sections. C, Quantification of TRAP‐positive multinucleated cells (TRAP^+^ MNC) on coronal sections. D, Representative images of whole calvaria TRAP activity. E, Representative micro‐CT images of calvarial bone. F, Quantification of calvarial bone loss by bone volume/tissue volume (BV/TV), area bone loss, and sagittal suture area. G, The expression of IL‐1β, IL‐6, TNF‐α, and RANKL mRNA in calvarial tissues. Data are expressed as the means ± SEM (n ≥ 6). \*, *P \< *.05; \*\*, *P \< *.01](JRE-55-410-g001){#jre12725-fig-0001}

3.2. Calvarial *Pg* infection increases the osteoclastogenic potential of bone marrow cells and splenocytes {#jre12725-sec-0019}
-----------------------------------------------------------------------------------------------------------

Osteoclasts are multinucleated cells derived from myeloid precursors that are generated in bone marrow and travel to peripheral tissues through the bloodstream.[22](#jre12725-bib-0022){ref-type="ref"} To understand the effect of calvarial *Pg* infection on the regulation of osteoclast precursors, we first performed in vitro osteoclastogenesis assays to compare the osteoclastogenic potential of bone marrow and spleen cells from *Pg*‐infected and control WT mice. Bone marrow cells isolated from *Pg*‐infected mice on day 3 showed a significantly increased number of TRAP^+^ multinuclear osteoclast formation compared to cells from control mice (Figure [2](#jre12725-fig-0002){ref-type="fig"}A). A significant difference in osteoclast formation was observed on day 7 between bone marrow cells isolated from *Pg*‐infected and control mice. In addition, a significant difference in osteoclast formation was noted between cells isolated on day 3 and day 7 from the bone marrow of *Pg*‐infected mice. No significant difference in osteoclast formation was observed on day 3 in spleen cell cultures from infected and control mice (Figure [2](#jre12725-fig-0002){ref-type="fig"}B). However, splenocytes isolated on day 7 from *Pg*‐infected mice showed significantly increased numbers of osteoclast formation compared to those isolated on day 7 from control mice, and from cells isolated on day 3 from *Pg*‐infected mice. These results indicate that calvarial *Pg* infection increases the osteoclastogenic potential of bone marrow cells and peripheral splenic cells.

![Calvarial *Pg* infection of WT mice increases the osteoclastogenic potential of bone marrow (BM) and spleen cells. BM and spleen cells were harvested on days 3 and 7 from *Pg*‐infected and noninfected mice. Cells were cultured with M‐CSF and RANKL and stained for TRAP activity on day 5 (BM cells) or on day 7 (spleen cells). A, TRAP^+^ MNC in BM cell cultures. B, TRAP^+^ MNC in spleen cell cultures. A representative area of cultures of BM (A) and spleen (B) cells harvested on day 7 of infection at 40x magnification is shown. Data are expressed as the means ± SEM (n ≥ 6). \*, *P \< *.05; \*\*, *P \< *.01; \*\*\*, *P \< *.001](JRE-55-410-g002){#jre12725-fig-0002}

3.3. Calvarial *Pg* infection increases the percentage and osteoclastogenic potential of CD11b^+^c‐fms^+^ cells from bone marrow and spleen {#jre12725-sec-0020}
-------------------------------------------------------------------------------------------------------------------------------------------

An increase in the osteoclastogenic potential of cells obtained from the bone marrow and spleens of *Pg*‐infected mice could result from an increased percentage of osteoclast precursors, or from increased sensitivity of osteoclast precursors to osteoclast differentiation factors, or both. Osteoclast precursors are derived from multipotent hematopoietic stem cells in bone marrow through a series of differentiation stages including the differentiation of common myeloid progenitors and granulocyte/macrophage progenitors.[4](#jre12725-bib-0004){ref-type="ref"}, [5](#jre12725-bib-0005){ref-type="ref"} These stages have been characterized by changes in the surface expression of distinct markers. CD11b is a prominent marker for myeloid cells toward osteoclast lineage.[23](#jre12725-bib-0023){ref-type="ref"} In addition, the conversion of c‐fms^−^ cells to c‐fms^+^ cells is an important landmark for osteoclast differentiation.[22](#jre12725-bib-0022){ref-type="ref"}, [23](#jre12725-bib-0023){ref-type="ref"} Therefore, we wanted to determine whether *Pg* infection regulates the percentage of CD11b^+^c‐fms^+^ cells in bone marrow and spleens. A significant increase in the percentage of CD11b^+^ cells in bone marrow was observed after *Pg* infection on day 7 (Figure [3](#jre12725-fig-0003){ref-type="fig"}A). No significant difference was observed in the percentage of CD11b^+^ cells in spleens of the control and the infected mice on either day 3 or day 7 (Figure [3](#jre12725-fig-0003){ref-type="fig"}B). Importantly, *Pg* infection induced a significant increase in the percentage of CD11b^+^c‐fms^+^ cells in the bone marrow on days 3 and 7 compared to controls (Figure [3](#jre12725-fig-0003){ref-type="fig"}A). In addition, a significant increase in the percentage of CD11b^+^c‐fms^+^ cells was also seen in the spleen cells of *Pg*‐infected mice on day 7 (Figure [3](#jre12725-fig-0003){ref-type="fig"}B). These results demonstrate that calvarial *Pg* infection induces the expansion of CD11b^+^c‐fms^+^ cells in bone marrow and spleen.

![Calvarial *Pg* infection of WT mice induces the expansion of CD11b^+^c‐fms^+^ cells in BM and spleen. BM and spleen cells were harvested on days 3 and 7 from *Pg*‐infected and noninfected mice. A, The percentage of CD11b^+^ cells and CD11b^+^c‐fms^+^ cells in BM. B, The percentage of CD11b^+^ cells and CD11b^+^c‐fms^+^ cells in spleen. Data are expressed as the means ± SEM (n ≥ 6). \*\*, *P \< *.01; \*\*\*, *P \< *.001](JRE-55-410-g003){#jre12725-fig-0003}

We next wanted to determine the osteoclastogenic potential of CD11b^+^c‐fms^+^ cells from control and *Pg*‐infected WT mice. A significantly higher number of TRAP^+^ multinuclear cells (MNC) were observed in cultures of CD11b^+^c‐fms^+^ cells derived from bone marrow of *Pg*‐infected mice compared to those of noninfected controls (Figure [4](#jre12725-fig-0004){ref-type="fig"}A). To evaluate the function of these osteoclasts, F‐actin ring staining and an in vitro bone resorption assay were done. Actin ring formation is a prerequisite for osteoclast bone resorption.[24](#jre12725-bib-0024){ref-type="ref"} A significantly increased number of osteoclasts with actin ring formation were seen in cultures of CD11b^+^c‐fms^+^ cells from the bone marrow of *Pg*‐infected mice compared to cultures of noninfected control mice (Figure [4](#jre12725-fig-0004){ref-type="fig"}B). Moreover, the in vitro bone resorption assay showed that the total bone resorption area on bone slices in the culture of CD11b^+^c‐fms^+^ cells from *Pg*‐infected mice was significantly higher than that from the control group (Figure [4](#jre12725-fig-0004){ref-type="fig"}C). Similar results were seen with CD11b^+^c‐fms^+^ cells sorted from spleens (data not shown). Collectively, these results indicate that *Pg* infection not only induces an expansion of CD11b^+^c‐fms^+^ cells in bone marrow and spleen, but also increases the osteoclastogenic potential of these cells.

![*Pg* infection of WT mice enhances the osteoclastogenic potential of CD11b^+^c‐fms^+^ cells. BM cells were harvested on day 7 from *Pg*‐infected and noninfected mice. Cells from 3 mice/group were pooled and sorted for CD11b^+^c‐fms^+^ cells. CD11b^+^c‐fms^+^ cells were then cultured in triplicate with M‐CSF and RANKL in 24‐well plate with or without bone slices for 5‐7 d, and stained for TRAP activity, F‐actin ring formation, or wheat germ agglutinin (WGA). A, Representative images and quantification of TRAP^+^ MNC in the cell cultures without bone slices. B, Representative images and quantification of actin rings in the cell cultures without bone slices. C, Representative images and quantification of area of WGA staining on bone slices. Data are expressed as the means ± SEM of three independent experiments. \*\*\*, *P \< *.001](JRE-55-410-g004){#jre12725-fig-0004}

3.4. CD11b^+^c‐fms^+^RANK^+^ and CD11b^+^c‐fms^+^RANK^−^ cells have similar osteoclastogenic potential {#jre12725-sec-0021}
------------------------------------------------------------------------------------------------------

It has been suggested that multiple populations of osteoclast precursors with different osteoclastogenic potential are present within the murine bone marrow and that there is a possible developmental relationship between the different populations, characterized by changes in the surface expression of distinct markers.[25](#jre12725-bib-0025){ref-type="ref"} In addition to the expression of M‐CSF receptor c‐fms, RANK is considered as another critical landmark during osteoclast differentiation. RANK is a member of the TNF‐receptor superfamily of proteins and the only known receptor for RANKL.[26](#jre12725-bib-0026){ref-type="ref"} M‐CSF is a potent stimulator of RANK expression in osteoclast precursors, and then ligation of RANKL to RANK on the surface of osteoclast precursors results in the activation of multiple signaling cascades and transcription factors including NF‐κB and NFATc1, which are essential for osteoclast formation. Recent studies have suggested that the cell surface expression of RANK is a key feature of lineage‐committed osteoclast precursors.[27](#jre12725-bib-0027){ref-type="ref"}, [28](#jre12725-bib-0028){ref-type="ref"} Unlike the c‐fms^+^RANK^−^ cells, which are identified as osteoclast precursors at an earlier stage, c‐fms^+^RANK^+^ cells are thought to be at a more advanced stage of osteoclast development that can promptly differentiate into osteoclasts in response to bone resorption stimuli in vivo*.* [27](#jre12725-bib-0027){ref-type="ref"}, [28](#jre12725-bib-0028){ref-type="ref"} Thus, we next sought to determine whether *Pg* infection induces the expansion of CD11b^+^c‐fms^+^RANK^+^ cell population. Our results show that *Pg* infection significantly increased the percentage of CD11b^+^c‐fms^+^RANK^−^ cells in the bone marrow on days 3 and 7 (Figure [5](#jre12725-fig-0005){ref-type="fig"}A). Similar results were seen with spleen cells on day 7 (Figure [5](#jre12725-fig-0005){ref-type="fig"}B). However, although the percentage of CD11b^+^c‐fms^+^RANK^+^ cells in the bone marrow (on days 3 and 7) and spleen cells (on day 7) was higher in *Pg*‐infected mice than the control mice, no significant difference was attained.

![CD11b^+^c‐fms^+^RANK^−^ and CD11b^+^c‐fms^+^RANK^+^ cells have similar osteoclastogenic potential and ability to produce inflammatory cytokines. BM and spleen cells were harvested on days 3 and 7 from *Pg*‐infected and noninfected WT mice, and analyzed for the expression of CD11b, c‐fms, and RANK by FACS. Day 7 BM cell suspensions from 3 mice/group were pooled and sorted for CD11b^+^c‐fms^+^RANK^−^ and CD11b^+^c‐fms^+^RANK^+^ cells. Cells were then cultured in triplicate with RANKL to induce osteoclast differentiation, or with *Pg* to induce cytokine production. A, The percentage of CD11b^+^c‐fms^+^RANK^−^ and CD11b^+^c‐fms^+^RANK^+^ cells in BM. B, The percentage of CD11b^+^c‐fms^+^RANK^−^ and CD11b^+^c‐fms^+^RANK^+^ cells in spleen. C, The expression of osteoclast genes (Ctsk, TRAP, MMP9, and Car2), as well as c‐fms and RANK by CD11b^+^c‐fms^+^RANK^−^ and CD11b^+^c‐fms^+^RANK^+^ cells at the baseline (d0) and after 48 h of RANKL stimulation (d2). D, Quantification of RANKL‐induced osteoclast formation following TRAP staining and F‐actin ring staining. E, The levels of IL‐6 and TNF‐α production in the culture supernatants of CD11b^+^c‐fms^+^RANK^−^ and CD11b^+^c‐fms^+^RANK^+^ cells following 24 h of Pg (MOI = 50) stimulation. Data in A and B are expressed as the means ± SEM (n ≥ 6). Data in C are representative of three independent experiments. Data in D and E are expressed as the means ± SEM of three independent experiments. \*, *P \< *.05; \*\*, *P \< *.01](JRE-55-410-g005){#jre12725-fig-0005}

We have previously demonstrated that noncommitted osteoclast precursors and lineage‐committed osteoclast precursors have distinct features in response to *Pg* stimulation.[19](#jre12725-bib-0019){ref-type="ref"} In this regard, *Pg* inhibits noncommitted osteoclast precursors to differentiate into mature osteoclasts, but potentiates osteoclast differentiation of RANKL‐committed osteoclast precursors. In addition, committed osteoclast precursors lose the ability to produce cytokines in response to *Pg*. To determine whether CD11b^+^c‐fms^+^RANK^+^ cells are precursor cells that have committed to the osteoclast lineage, CD11b^+^c‐fms^+^RANK^+^ and CD11b^+^c‐fms^+^RANK^−^ cells were sorted out from bone marrow cells from WT mice and cultured with M‐CSF and RANKL in the absence or presence of *Pg* to induce osteoclast differentiation. In addition, *Pg*‐induced cytokine production by CD11b^+^c‐fms^+^RANK^+^ and CD11b^+^c‐fms^+^RANK^−^ cells was assessed. Our results showed that there was no significant difference in RANKL‐induced expression of osteoclast genes including Ctsk, TRAP, MMP9, and Car2 by CD11b^+^c‐fms^+^RANK^+^ and CD11b^+^c‐fms^+^RANK^−^ cells (Figure [5](#jre12725-fig-0005){ref-type="fig"}C). Similar levels of c‐fms and RANK mRNA expression were induced in CD11b^+^c‐fms^+^RANK^+^ and CD11b^+^c‐fms^+^RANK^−^ cells (Figure [5](#jre12725-fig-0005){ref-type="fig"}C). In addition, similar numbers of osteoclast formation were observed from CD11b^+^c‐fms^+^RANK^+^ and CD11b^+^c‐fms^+^RANK^−^ cells (Figure [5](#jre12725-fig-0005){ref-type="fig"}D). Furthermore, in the presence of *Pg,* no osteoclast formation and osteoclast gene induction were induced by RANKL in both cell cultures (data not shown). Moreover, *Pg* stimulation induced similar levels of IL‐6 and TNF‐α in the cultures of CD11b^+^c‐fms^+^RANK^+^ and CD11b^+^c‐fms^+^RANK^−^ cells (Figure [5](#jre12725-fig-0005){ref-type="fig"}E). Taken together, these results suggest that CD11b^+^c‐fms^+^RANK^+^ and CD11b^+^c‐fms^+^RANK^−^ are osteoclast precursors with similar osteoclastogenic and pro‐inflammatory potential.

3.5. CD4^+^ T‐cell suppressive function of CD11b^+^c‐fms^+^ cells {#jre12725-sec-0022}
-----------------------------------------------------------------

Myeloid‐derived suppressor cells (MDSC) are one of the dominant immunosuppressive cell populations that rapidly expand under infectious and inflammatory conditions, especially in chronic infections.[29](#jre12725-bib-0029){ref-type="ref"}, [30](#jre12725-bib-0030){ref-type="ref"} We have recently shown that 14 days of subcutaneous *Pg* infection induces the expansion of three subpopulations of MDSC (CD11b^+^Ly6C^++^Ly6G^+^, CD11b^+^Ly6C^+^Ly6G^++^, and CD11b^+^Ly6C^+^Ly6G^+^) in mouse bone marrow and spleen and that the CD11b^+^Ly6C^++^Ly6G^+^ monocytic MDSC not only have T‐cell suppressive function, but also have the plasticity to differentiate into osteoclasts.[31](#jre12725-bib-0031){ref-type="ref"} Therefore, we next wanted to determine whether CD11b^+^c‐fms^+^ cells are a subpopulation of MDSC. Our results show that over 80% of CD11b^+^c‐fms^+^ cells are Ly6C^++^Ly6G^+^, whereas \<1% of CD11b^+^c‐fms^+^ cells are Ly6C^+^Ly6G^++^ (Figure [6](#jre12725-fig-0006){ref-type="fig"}A). Consistently, more than 80% of CD11b^+^Ly6C^++^Ly6G^+^ cells were c‐fms^+^, whereas \<1% of CD11b^+^Ly6C^+^Ly6G^++^ cells were c‐fms^−^ (Figure [6](#jre12725-fig-0006){ref-type="fig"}B). To assess whether CD11b^+^c‐fms^+^ cells have similar immunosuppressive function as CD11b^+^Ly6C^++^Ly6G^+^ MDSC, we evaluated the effect of these cells on CD4^+^ T‐cell proliferation. Our results showed that stimulation of OT‐II splenocytes with OVA~323‐339~ peptide significantly enhanced OT‐II CD4^+^ T‐cell proliferation (Figure [6](#jre12725-fig-0006){ref-type="fig"}C). Co‐culture of OT‐II splenocytes with bone marrow--derived CD11b^+^c‐fms^+^ cells from noninfected WT mice significantly inhibited OVA‐specific OT‐II CD4^+^ T‐cell proliferation. In addition, co‐culture of OT‐II splenocytes with bone marrow‐derived CD11b^+^c‐fms^+^ cells from *Pg*‐infected mice showed a significantly greater inhibition of OVA‐specific CD4^+^ T‐cell proliferation than that observed with CD11b^+^c‐fms^+^ cells from noninfected mice. Similar results were observed with splenic CD11b^+^c‐fms^+^ cells (data not shown). Our results indicate that the majority of CD11b^+^c‐fms^+^ cells are monocytic MDSC and that calvarial *Pg* infection potentiates the immunosuppressive ability of these cells on antigen‐specific CD4^+^ T‐cell proliferation.

![CD11b^+^c‐fms^+^ osteoclast precursors are a subpopulation of MDSC. BM cells were harvested and analyzed for the expression of CD11b, c‐fms, Ly6C, and Ly6G by FACS. CD11b^+^c‐fms^+^ cells were sorted from the BM of *Pg*‐infected and noninfected WT mice on day 7 and co‐cultured with spleen cells from OT‐II mice. The cultures were stimulated with the OVA~323‐339~ peptide for 72 h, and BrdU was added during the last 24 h. Control cultures included OT‐II spleen cells with or without the OVA~323‐339~ peptide. OVA‐specific CD4^+^ T‐cell proliferation in the presence and absence of CD11b^+^c‐fms^+^ cells was analyzed by assessing the percentage of BrdU‐incorporated CD4^+^ T cells by FACS. A, Representative flow cytometric plots showing percentage of Ly6C^++^Ly6G^+^ and Ly6C^+^Ly6G^++^ cells in CD11b^+^c‐fms^+^ cells. B. Representative flow cytometric plots showing percentage of c‐fms^+^ cells in CD11b^+^Ly6C^++^Ly6G^+^ and CD11b^+^Ly6C^+^Ly6G^++^ cells. C, Percentage of BrdU incorporation in CD4^+^ cells. Data are expressed as the means ± SEM from three independent experiments. \*, *P \< *.05; \*\*, *P \< *.01; \*\*\*, *P \< *.001](JRE-55-410-g006){#jre12725-fig-0006}

3.6. Calvarial *Pg* infection induces minimal systemic inflammation and bone loss {#jre12725-sec-0023}
---------------------------------------------------------------------------------

It has been previously suggested that systemic TNF‐α can induce an increased number of circulating CD11b^high^ osteoclast precursors, which contribute to bone loss and erosion in inflammatory arthritis.[22](#jre12725-bib-0022){ref-type="ref"}, [23](#jre12725-bib-0023){ref-type="ref"} Therefore, we wondered whether calvarial *Pg* infection increased the levels of systemic TNF‐α, thus leading to the expansion of osteoclast precursors in bone marrow and spleen. We also wanted to determine whether calvarial *Pg* infection induces osteoclastogenic activity and bone loss in long bones. Our results show that daily *Pg* infection of WT mice induced a transient but significant increase in the level of serum IL‐6, but this increase dropped down on day 7 (Figure [7](#jre12725-fig-0007){ref-type="fig"}A). Very low levels of TNF‐α, IL‐10, and IL‐12p40 were detected in serum at all time points after *Pg* infection (data not shown). In addition, no difference was observed in the level of serum RANKL between infected and noninfected mice (Figure [7](#jre12725-fig-0007){ref-type="fig"}B). These data suggest that the expansion of CD11b^+^c‐fms^+^ population following calvarial *Pg* infection is unlikely due to the systemic induction of TNF‐α or RANKL. Moreover, no significant difference in the TRAP^+^ osteoclast formation and bone loss was observed in the cortical or trabecular bone area of long bones in *Pg*‐infected mice as compared to control mice (Figure [7](#jre12725-fig-0007){ref-type="fig"}C‐F). These results indicate that although calvarial *Pg* infection induces a systemic expansion of osteoclast precursors, significant bone loss occurs only at the local infection/inflammation sites, and not systemically, at least under the current experimental condition.

![Calvarial *Pg* infection induces minimal systemic inflammation and osteoclastogenesis. Serum samples were collected before, and at 6 h, 24 h, and on day 3 and day 7 after *Pg* infection of WT mice**.** Serum IL‐6 and RANKL levels were analyzed by ELISA. Femurs were isolated for histological and micro‐CT analysis. A, Serum IL‐6 levels. \*\*, *P \< *.01; \*\*\*, *P \< *.001. B, Serum RANKL levels. C, Representative TRAP staining of femur sections. D, Quantification of TRAP^+^ MNC/area as shown in C. E, Representative micro‐CT analysis of femurs. F, Quantification of bone loss in femurs. BV/TV, bone volume/tissue volume; BMD, bone mineral density; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; SMI, structure model index. Data in D and F are expressed as the means ± SEM (n = 4)](JRE-55-410-g007){#jre12725-fig-0007}

3.7. MyD88 is involved in *Pg*‐mediated regulation of osteoclast precursors and calvarial bone loss {#jre12725-sec-0024}
---------------------------------------------------------------------------------------------------

Toll‐like receptor (TLR) signaling is at the core of the interactions between bacterial pathogens and the host.[32](#jre12725-bib-0032){ref-type="ref"} Activation of TLR triggers an innate immune response via different signaling components, such as the myeloid differentiation factor 88 (MyD88) and the Toll/IL‐1R domain--containing adaptor‐inducing IFN‐β (TRIF). The MyD88‐dependent signaling pathway is utilized by all known TLRs except TLR3, while the TRIF‐mediated pathway, which is commonly known as the MyD88‐independent pathway, plays an essential role in TLR3‐ and TLR4‐mediated downstream signaling. Although TLR2 and TLR4 are believed to be the major TLRs involved in the host immune response to *Pg,* [33](#jre12725-bib-0033){ref-type="ref"}, [34](#jre12725-bib-0034){ref-type="ref"} there is much controversy about the involvement of TLR2/TLR4 in host inflammatory responses and bone loss following *Pg* infection.[35](#jre12725-bib-0035){ref-type="ref"}, [36](#jre12725-bib-0036){ref-type="ref"}, [37](#jre12725-bib-0037){ref-type="ref"}, [38](#jre12725-bib-0038){ref-type="ref"} In addition, no study has looked at the role of TLR signaling in the regulation of osteoclast precursors following *Pg* infection in vivo. We have previously reported that TLR2/MyD88, but not TLR4/TRIF, is the central pathway involved in *Pg*‐mediated regulation of osteoclast differentiation in vitro*.* [19](#jre12725-bib-0019){ref-type="ref"} Here, we sought to investigate the role of MyD88 in the regulation of osteoclast precursors and osteoclastogenesis following *Pg* infection in vivo. Similar numbers of TRAP^+^ multinuclear cells were seen in cultures of bone marrow (Figure [8](#jre12725-fig-0008){ref-type="fig"}A) and spleen (Figure [8](#jre12725-fig-0008){ref-type="fig"}B) cells from WT and MyD88^−/−^ control mice in the presence of M‐CSF and RANKL. However, calvarial *Pg* infection induced a significant increase in the osteoclastogenic potential of bone marrow and spleen cells from WT mice, but not from MyD88^−/−^ mice. In addition, unlike WT‐infected mice, no significant increase in the percentage of CD11b^+^c‐fms^+^ cells was observed in the bone marrow and spleen cells from MyD88^−/−^ mice infected with *Pg* (Figure [8](#jre12725-fig-0008){ref-type="fig"}C,D). Furthermore, no significant increase in the gene expression of the inflammatory cytokines and osteoclastogenic markers was observed in the calvarial tissues from MyD88^−/−^ mice following *Pg* infection (Figure [8](#jre12725-fig-0008){ref-type="fig"}E). Moreover, contrary to the significant bone loss observed in the calvaria of WT‐infected mice, no significant bone loss was detected in the calvarial bone of MyD88^−/−^ mice following *Pg* infection (Figure [8](#jre12725-fig-0008){ref-type="fig"}F,G). Lastly, no induction of serum IL‐6 was detected in MyD88^−/−^ mice following *Pg* infection (data not shown). These results demonstrate that MyD88 is involved in *Pg*‐mediated upregulation of osteoclast precursors and inflammation, as well as calvarial bone loss.

![MyD88 is involved in *Pg*‐induced expansion of CD11b^+^c‐fms^+^ cells and calvarial bone loss. BM and spleen cells, and parietal bone and the adjacent soft tissue from *Pg*‐infected and noninfected WT and MyD88^−/−^ mice were harvested on day 7. A, Quantification of RANKL‐induced TRAP^+^ MNC formation from BM cells. B, Quantification of RANKL‐induced TRAP^+^ MNC formation from splenocytes. C, Percentage of CD11b^+^c‐fms^+^ cells in BM. D, Percentage of CD11b^+^c‐fms^+^ cells in spleen. E, Quantification of the expression of IL‐1β, IL‐6, TNF‐α, and RANKL mRNA in calvarial tissues. F, Representative of micro‐CT analysis of calvarial bone. G, Quantification of calvarial bone loss by BV/TV, area bone loss, and sagittal suture area. Data are expressed as the means ± SEM (n = 6). \*, *P \< *.05; \*\*, *P \< *.01; \*\*\*, *P \< *.001](JRE-55-410-g008){#jre12725-fig-0008}

4. DISCUSSION {#jre12725-sec-0025}
=============

Monocytes, macrophages, and DC are known to respond to pathogenic insult by expanding their effector populations and by secreting factors to eliminate infection.[39](#jre12725-bib-0039){ref-type="ref"} However, beyond the knowledge that osteoclasts are differentiated from the monocyte/macrophage lineage of HSC and share common ancestry with macrophages and DC, the nature and function of osteoclast precursors are not completely understood. Furthermore, little is known about how osteoclast precursors respond to bacterial infection in vivo. In the present study, we demonstrated that calvarial *Pg* infection of mice increased the number and osteoclastogenic potential of CD11b^+^c‐fms^+^ osteoclast precursors in bone marrow and spleen, suggesting that the increased frequency and function of osteoclast precursors contribute to the pathogenesis of *Pg* infection--mediated bone loss.

It has been shown previously that human peripheral blood mononuclear cells expressing relatively high levels of RANK develop more and larger osteoclasts than cells expressing moderate to low levels of RANK in response to exogenous RANKL, indicating that RANK‐expressing cells are predisposed to osteoclast differentiation.[40](#jre12725-bib-0040){ref-type="ref"} In addition, Mizoguchi et al[28](#jre12725-bib-0028){ref-type="ref"} showed that bone marrow cells that are double‐positive for c‐fms and RANK are cell cycle--arrested quiescent lineage‐committed osteoclast precursors. However, our results showed that CD11b^+^c‐fms^+^RANK^+^ and CD11b^+^c‐fms^+^RANK^−^ have similar osteoclastogenic potential. This finding is in agreement with that reported by Muto et al,[27](#jre12725-bib-0027){ref-type="ref"} showing that bone marrow RANK^high^c‐fms^low^ cells have similar osteoclastogenic potential as RANK^low^c‐fms^high^ cells. Our results further showed that CD11b^+^c‐fms^+^RANK^+^ and CD11b^+^c‐fms^+^RANK^−^ have a similar ability to produce pro‐inflammatory cytokines in response to *Pg* stimulation. Since lineage‐determined osteoclast precursors lose their ability to produce inflammatory cytokines,[19](#jre12725-bib-0019){ref-type="ref"} it therefore seems implausible that CD11b^+^c‐fms^+^RANK^+^ cells are lineage‐determined osteoclast precursors. Based on our studies and the literature,[19](#jre12725-bib-0019){ref-type="ref"}, [26](#jre12725-bib-0026){ref-type="ref"}, [41](#jre12725-bib-0041){ref-type="ref"} it is likely that ligation of RANKL to RANK followed by inducing the expression of osteoclast genes is indispensable for the lineage determination of osteoclast precursors.

Previous studies have shown that serum TNF‐α can increase the number of circulating CD11b^+^ osteoclast precursors in inflammatory arthritis.[22](#jre12725-bib-0022){ref-type="ref"}, [23](#jre12725-bib-0023){ref-type="ref"} However, in the present study, serum TNF‐α was not detected following calvarial *Pg* infection, suggesting that the expansion of CD11b^+^c‐fms^+^ cells in the current model is unlikely due to the induction of systemic TNF‐α. Interestingly, systemic induction of IL‐6 was detected following *Pg* infection. It has been shown that inhibition of IL‐6 receptor directly blocks osteoclast formation in vitro and in vivo.[42](#jre12725-bib-0042){ref-type="ref"} In addition, IL‐6 has been reported to stimulate MDSC in multiple cancers[43](#jre12725-bib-0043){ref-type="ref"}, [44](#jre12725-bib-0044){ref-type="ref"} and hepatitis B infection.[45](#jre12725-bib-0045){ref-type="ref"} Mechanisms responsible for promoting IL‐6--dependent accumulation of myeloid cells involves the suppression of suppressor of cytokine signaling 3 (SOCS3)[46](#jre12725-bib-0046){ref-type="ref"} and the activation of signal transducer of activation transcription 3 (Stat3).[47](#jre12725-bib-0047){ref-type="ref"}, [48](#jre12725-bib-0048){ref-type="ref"} Interestingly, *Pg* has been shown to inhibit SOCS3 and increase Stat3 activation.[49](#jre12725-bib-0049){ref-type="ref"} Therefore, it is possible that systemic induction of IL‐6 following *Pg* infection may be involved in the expansion of CD11b^+^c‐fms^+^ cells observed in the present study. Current studies are evaluating this possibility.

It has been demonstrated that hematopoietic stem cells express various TLRs and that TLR‐mediated signals skew hematopoiesis to myeloid lineage.[50](#jre12725-bib-0050){ref-type="ref"} Therefore, we anticipated that TLR signaling is involved in *Pg*‐induced expansion of osteoclast precursors. Using MyD88^−/−^ mice, we showed that MyD88 is involved in *Pg*‐mediated expansion of CD11b^+^c‐fms^+^ cells in bone marrow and spleen. Furthermore, MyD88 also played a role in *Pg*‐mediated inflammation and bone loss, suggesting that MyD88 regulates *Pg*‐induced bone loss, at least partially, through the regulation of osteoclast precursors. Our results are in agreement with several in vitro and in vivo studies reporting a MyD88‐dependent expansion and activation of MDSC by TLR2 or TLR4 signaling.[47](#jre12725-bib-0047){ref-type="ref"}, [51](#jre12725-bib-0051){ref-type="ref"}, [52](#jre12725-bib-0052){ref-type="ref"}, [53](#jre12725-bib-0053){ref-type="ref"} However, we have previously shown that *Pg*‐induced expansion of MDSC was MyD88‐independent in a 14‐day subcutaneous infection model.[31](#jre12725-bib-0031){ref-type="ref"} Others have shown that MyD88 is essential for the immunosuppressive function of MDSC, but not essential for their induction.[54](#jre12725-bib-0054){ref-type="ref"} In addition, reduced MDSC frequency and inhibited immunosuppressive effects by different TLR ligands have been reported.[55](#jre12725-bib-0055){ref-type="ref"}, [56](#jre12725-bib-0056){ref-type="ref"} On the other hand, a critical role of MyD88 in the regulation of inflammation and bone loss following infection with *Pg* or other pathogens has been reported,[57](#jre12725-bib-0057){ref-type="ref"}, [58](#jre12725-bib-0058){ref-type="ref"}, [59](#jre12725-bib-0059){ref-type="ref"} which is in agreement with our current findings. However, it has been shown that although MyD88 is required for bacterial clearance, *Pg*‐induced inflammatory responses and bone loss are MyD88‐independent.[38](#jre12725-bib-0038){ref-type="ref"}, [60](#jre12725-bib-0060){ref-type="ref"} Hence, it is likely that the differences in the results of these studies can be explained by the nature, dose, and/or duration of the infection, as well as by the specifics of the microenvironment, thus influencing the participation of compensatory mechanisms involving signaling via different molecules.[31](#jre12725-bib-0031){ref-type="ref"} Delineating the involvement of MyD88 in regulating *Pg*‐mediated regulation of osteoclast precursors is important for further pursuing the involvement of TLR downstream molecules in *Pg*‐induced expansion of osteoclast precursors, as well as the cross talk between TLR and RANK signaling in regulating inflammation and bone loss during periodontal infection.

In the present study, we show that CD11b^+^c‐fms^+^ cells composed the majority of monocytic MDSC, and were able to suppress OVA‐driven antigen‐specific CD4^+^ T‐cell proliferation, highlighting an important functional cross talk between osteoclast precursors and the host immune response. Invasion of host by pathogens leads to the activation of the innate immune system, after which an adaptive immune response develops to eradicate the infection and establish memory. On the other hand, the immune system also develops a variety of counter‐regulatory mechanisms, including regulatory T cells, regulatory B cells, tolerogenic DC, and MDSC, which are intended to achieve a balance between maximizing clearance of infectious pathogens and minimizing collateral tissue damage.[61](#jre12725-bib-0061){ref-type="ref"}, [62](#jre12725-bib-0062){ref-type="ref"} However, many pathogens including *Pg* can evolve mechanisms to hijack these immune regulatory mechanisms to ensure their long‐term survival by preventing immune clearance.[63](#jre12725-bib-0063){ref-type="ref"}, [64](#jre12725-bib-0064){ref-type="ref"} It is believed that immune activation and suppression coexist in infectious diseases, and immunosuppressive activities are more profound in the setting of chronic infections or chronic inflammation than in acute conditions.[65](#jre12725-bib-0065){ref-type="ref"}, [66](#jre12725-bib-0066){ref-type="ref"} Under chronic conditions, some bacteria can induce immunosuppressive activity following immune activation, thus blocking antigen‐specific immune responses that are essential for clearing pathogens, and contributing to the chronicity of the infection by enabling bacterial persistence. Indeed, evidence exists that sustained exposure to *Pg* impairs T‐cell function, resulting in the attenuation of a chronically activated immune response.[64](#jre12725-bib-0064){ref-type="ref"} However, the underlying mechanisms involved in T‐cell suppression by *Pg* are not fully understood. Based on our results, it is possible that osteoclast precursors, as a subpopulation of MDSC, are involved in damping CD4^+^ T‐cell responses following immune activation, thus contributing to the persistence of infection and maintenance of chronic inflammation.

In our studies, no increase in osteoclastogenesis or bone loss was seen in long bones following calvarial infection. Elevated osteoclast differentiation and bone loss occurred only at the calvarial infection site where there were significantly elevated levels of pro‐osteoclastogenic molecules including RANKL, IL‐1β, and TNF‐α. These results further suggest that the expanded osteoclast precursors induced by *Pg* infection are not lineage‐determined. They function as immune regulatory cells in the circulation and differentiate into osteoclasts at the local pro‐osteoclastogenic environment. However, given the increasing evidence suggesting systemic inflammatory bone loss diseases, such as rheumatoid arthritis, as a risk factor for chronic periodontitis and vice versa,[67](#jre12725-bib-0067){ref-type="ref"}, [68](#jre12725-bib-0068){ref-type="ref"} it is not unreasonable to hypothesize that increased osteoclast precursors are involved in the association of chronic periodontitis and various inflammatory bone loss diseases.[69](#jre12725-bib-0069){ref-type="ref"} Indeed, patients with active erosive arthritis have a marked increase in the frequency of peripheral blood CD11b^+^ osteoclast precursors.[70](#jre12725-bib-0070){ref-type="ref"} These cells might promote alveolar bone loss when they reach inflamed periodontal tissues. Conversely, increased frequency and function of osteoclast precursors in peripheral blood mononuclear cells of patients with chronic periodontitis[69](#jre12725-bib-0069){ref-type="ref"}, [71](#jre12725-bib-0071){ref-type="ref"}, [72](#jre12725-bib-0072){ref-type="ref"} might lead to periarticular erosions and systemic osteoporosis in both its emergence and progress if periarticular and systemic inflammation persists.

Collectively, our findings support a model whereby *Pg* infection increases a pool of precursor cells that can be shunted toward osteoclast formation at the local infection/inflammation sites, while at the same time dampening host immune responses, which is beneficial for the persistence of infection and maintenance of the characteristic chronic nature of periodontitis. It is likely that this enhanced dual function of osteoclast precursors is critical for the pathological consequences of *Pg* infection in vivo. Understanding the nature, function, and regulation of osteoclast precursors will be important for understanding host susceptibility to periodontal bone loss and should help reveal novel diagnostic markers and therapeutic strategies to prevent bone loss associated with infection and inflammation.
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